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Quantum Hall effect (QHE) is one of the most fruitful research topics in condensed-matter physics.
Ordinarily, the QHE manifests in a ground state with time-reversal symmetry broken by magneti-
zation to carry a quantized chiral edge conductivity around a two-dimensional insulating bulk. We
propose a theoretical concept and model of non-equilibrium excited-state QHE (EQHE) without
intrinsic magnetization. It arises from circularly polarized photoexcitation between two enantiomor-
phic flat bands of opposite chirality, each supporting originally a helical topological insulating state
hosted in a Yin-Yang Kagome lattice. The chirality of its edge state can be reversed by the handed-
ness of light, instead of the direction of magnetization as in the conventional quantum (anomalous)
Hall effect, offering a simple switching mechanism for quantum devices. Implications and realization
of EQHE in real materials are discussed.
Quantum Hall effect (QHE) displays a quantized Hall
conductivity that is only determined by physical con-
stants [1] and fundamentally rooted in topological in-
variance of electronic states [2–5]. It was first observed
in a two-dimensional (2D) electron gas subjected to a
strong magnetic field [1] that splits the parabolic elec-
tronic bands into discrete Landau levels (LLs), each
characterized with a topological invariant Chern num-
ber C = 1 [2–5]. For an integer QHE, the quantized
transverse Hall conductivity equals to the filling of LLs
(n), σxy = n · e2/h [Fig. 1(a)]. Haldane proposed a
condensed-matter version of QHE without LLs [the quan-
tum anomalous Hall effect (QAHE)] in a Chern insulator,
featured with a topological gap separating a valence band
(VB) having a non-zero Chern number (e.g., C = 1) from
a conduction band (CB) having C = 0. It gives rise to a
σxy = C · e2/h [Fig. 1(b)]. Recently, the quantum spin
Hall effect (QSHE) was theoretically proposed by Kane-
Mele [6] and Bernevig-Hughes-Zhang [7], featured with
a topological gap separating a VB having a non-zero Z2
invariant [8] or spin Chern number [9] (e.g., Cs = −1)
from a CB having Cs = 0. It gives rise to a spin Hall
conductivity σsxy = C
s · e/2pi [Fig. 1(c)]. The QSHE [or
a 2D topological insulator (TI)] contains two copies of
QAHE (Chern insulator) so that by breaking the time-
reversal symmetry (TRS) of a TI, namely creating a mag-
netic TI, one obtains a Chern Insulator [10]. Excitingly,
both QSHE [11] and QAHE [12] have been experimen-
tally confirmed in real materials. These pioneering works
have fostered an ever-growing field of topological physics
and materials.
QHE, QAHE, and QSHE are all ground-state proper-
ties, characterized by a topological gap that is optically
inactive because photo-absorption between VB and CB
would violate the conservation of orbital angular momen-
tum. Now, let us imagine a band structure that contains
two enantiomorphic topological flat bands (FBs) of oppo-
site Chern numbers gapped between two QSH states, as
shown in Fig. 1(d). It will allow for a chirality-selective
photoexcitation between the two FBs by a circularly po-
larized light (CPL), enabling an excited-state quantum
Hall effect (EQHE). Its photoactivity is similar to that
of the valley Hall effect (VHE) [13–17], but with an im-
portant difference in that the excitation between two
FBs results in a quantized flat-band Hall conductivity
instead of non-quantized dispersive-band Hall conductiv-
ity of VHE. In other words, the EQHE consists of a pair
of electron- and hole-conducting QAHE or two copies of
half QSHE. Effectively the enantiomorphic FBs behave
like a condensed-matter version of two filled LLs, giving
rise to a σxy = −2 · e2/h, albeit with an electron and
a hole occupying two LLs with opposite Chern numbers
respectively [Fig. 1(d)]. A more detailed illustration of
quantized Hall conductivity for the EQHE is shown in
Supplemental Material, Fig. S1.
Next, we discuss the creation of enantiomorphic FBs
in a lattice model. It is well-known that a Kagome lattice
hosts a FB [18–22], which lies either above or below two
dispersive bands depending on the sign of lattice hopping
[23, 24]. Thus, to have two FBs, a natural place to start
with is to have two atoms on every Kagome lattice site,
creating two sub-Kagome lattices, as shown in Fig. 2(a).
A tight-binding Hamiltonian can be written as
H = t1
∑
〈ij〉α
c†iαcjα + t2
∑
〈〈ij〉〉α
c†iαcjα + t3
∑
〈〈〈ij〉〉〉α
c†iαcjα
+ iλ
∑
〈〈ij〉〉αβ
2√
3
(rˆ 1ij × rˆ2ij) · σzαβc†iαcjβ .
(1)
The first term represents the nearest-neighbor (NN)
intra-dumbbell hopping, c†iα (ciα) is the electron creation
2FIG. 1. Schematic illustration comparing four types of quantized charge and spin Hall effects. The upper panel shows the
electronic states associated with each effect: (a) QHE featured with LLs and a chiral edge state (red). Each LL carriers a
Chern number C = 1. (b) QAHE, a Chern insulator state, featured with a topological gap between a dispersive VB of C = 1
and a dispersive CB of C = 0, and a chiral edge state in the gap (red). (c) QSHE, a topological insulator state, featured with a
topological gap between a dispersive VB of spin Chern number Cs = 1/2 (C↑−C↓) = −1 and a dispersive CB of Cs = 0, a pair
of helical edge states in the gap (red and blue lines). (d) EQHE featured with two enantiomorphic FBs of opposite spin Chern
numbers. A right-handed CLP excites a spin-down electron in the upper FB, separated by a topological gap from another CB
above with a chiral edge state in the gap (solid red), and a spin-up hole in the lower FBs, separated by a topological gap from
another VB below with a chiral edge state in the gap (dashed red). The reverse is true for the left-handed CPL. The lower
panel illustrates the quantized charge or spin Hall conductivity carried by topological edge states: (a) σxy = 2 · e
2/h with two
filled LLs (see upper panel). (b) σxy = e
2/h for a Chern insulator with C = 1. (c) σsxy = −2 · e/4pi for a topological insulator
with Cs = −1. (d) σxy = −2 · e
2/h for EQHE with an electron-hole pair created in two enantiomorphic FBs of opposite Chern
numbers.
(annihilation) operator on site i of spin α. The second
(third) term represents 2NN inter-dumbbell (3NN cross-
dumbbell) hopping. The forth term represents spin-orbit
coupling (SOC) with a coupling strength λ, having the
cross between two 2NN unit vectors rˆ1,2ij pointing out
from the center of the triangle; 2/
√
3 |rˆ1ij× rˆ2ij | = ±1 [8].
σzαβ is the Pauli matrix; α and β are spin indices.
However, in its simplest construction considering only
the NN (t1) and 2NN hopping (t2), one would obtain a
band structure consisting of either one set of Dirac bands
plus another set of four bands, or two sets of Kagome
bands but both having FB above (or below) the disper-
sive bands (i.e., the two having the same sign of lattice
hopping) for t2 < t1.
Interestingly, it is found that the trick to obtaining
two sets of Kagome bands with opposite signs of hop-
ping is to include a 3NN hopping (t3), which adds a
cross-hopping, in addition to the intra-hopping (t1), be-
tween two sub-Kagome lattices. The condition for ob-
taining Yin-Yang FBs in terms of these hopping param-
eters will be discussed later. Here, for simplicity, one can
neglect t2, which will not affect the band structure qual-
itatively in a wide range of parameter space, and use (t1,
t3) to construct a beautiful band structure containing a
pair of enantiomorphic FBs [Fig. 2(b)]. Specifically, the
momentum-space Hamiltonian is expressed as
H =
(
0 H0
H∗0 0
)
, (2a)
H0 =

h
1
0 h1 h2
h1 h
2
0 h3
h2 h3 h
3
0

 , (2b)
where h1,2,30 = t1 e
−ik·2d1,2,3 , h1,2,3 =
t3 cosk1,2,3 e
ik·d1,2,3 , and kn = k · an, an is the
Kagome lattice vector; dn represents the vector pointing
from the Kagome site to the dumbbell atom, as shown
in Fig. 2(a).
Solving Eq. 2, one obtains two sets of distinctive
Kagome bands, as shown in Fig. 2(b): the VB below
(CB above) the Fermi level (considering a system of half-
filling) has the FB above (below) the dispersive bands, re-
sulting from a negative (positive) lattice hopping. Herein
we will call this unique lattice model (band structure) the
Yin-Yang Kagome lattice (bands), a terminology bor-
rowed from the ancient Chinese Taoism, with Yin and
Yang meaning negative and positive respectively, from
which a world of intriguing physics will be derived. We
note that actually the Yin-Yang Kagome lattice model
has been implicitly contained in the so-called hexago-
nal star lattice studied before [25–29], except that people
have viewed the same lattice as having a triangle atomic
basis in a hexagonal lattice instead of a diatomic basis
3FIG. 2. Creation of the enantiomorphic FBs in a Yin-Yang
Kagome lattice. (a) The Yin-Yang Kagome lattice with a
dumbbell (two atoms) on every Kagome lattice site. The
shaded area indicates the unit cell. t1, t2, and t3 represent
the NN intra-dumbbell, 2NN inter-dumbbell and 3NN cross-
dumbbell hopping, respectively. λ is the SOC strength. (b)
The band structure of the Yin-Yang Kagome lattice char-
acterized with two enantiomorphic FBs, obtained with t1,
t2 = 0, t3 = 0.3t1 and λ = 0. The gap between the two FBs
Eg = |2t1 − 4t3|; the bandwidth of two sub-Kagome bands
W = |6t3|. The inset shows the first Brillouin zone. (c) Dis-
tribution of real-space wavefunction of the Yin FB (VB). Red
and blue dots represent positive and negative phases of the
wavefunction at the position, respectively. (d) Same as (c)
for the Yang FB (CB).
in a Kagome lattice and focused on the band structures
and physics different from our focus here.
The eigenvalues of the two Yin and Yang FBs are
EY−,Y+ = ±(t1 − 2t3). (3)
As shown in Fig. 2(b), both the Yin and Yang Kagome
bands have a band width of |6t3|, and the gap between
the FBs equals to |2t1 − 4t3|. To better understand the
physical origin of FBs, their Bloch states are derived as
Ψ†Y−,Y+(k) =
3∑
i=1
(−1)i sinki [∓ e−ik·di c†k,i
− eik·di c†
k,i+3].
(4)
And Fourier transforming Eq. 4 into real space, one has
Ψ†Y−,Y+(R) = N
∫
BZ
e−ik·RΨ†Y−,Y+(k)
=
1√
12
{ 6∑
i=1
±(∓1)ic†i +
12∑
i=7
(∓1)ic†i
}
,
(5)
where N is a normalization constant and i runs over the
twelve vertices of a dodecahedron centered at a chosen
position R, as shown in Figs. 2(c) and 2(d).
Fig. 2(c) and 2(d) show the phase distribution of the
real-space wave functions of the Yin and Yang FBs, re-
spectively. They both display an almost perfect pat-
tern of destructive interference (or phase cancellation)
expected for a topological FB [30]. The wave functions
are completely localized around a hexagonal plaquette
with alternating phases of (+,−), so that lattice hop-
ping out of the plaquette is prohibited [see arrows in Fig.
2(c) and 2(d)]. Moreover, looking at the diatomic basis
(dumbbell) on each Kagome lattice site, one sees that for
the Yin (Yang) FB the wave functions on the dumbbell
are of the same (opposite) phase, indicating a bonding
(anti-bonding) state between the two sub-Kagome lat-
tices. The different bonding nature of Yin vs. Yang FB
is consistent with their respective negative and positive
lattice hopping.
Next, we consider the effect of SOC (the fourth term
in Eq. 1). Fig. 3(a) shows the resulting band structure.
The SOC opens four topological gaps, and the system is
basically a QSH insulator if the Fermi energy lies in one
of them. This is further illustrated by the calculated spin
Hall conductance [21] showing four quantized plateaus of
σsxy = −2 · e/4pi, in the energy windows of SOC gaps
in Fig. 3(b). However, of our interest here is the two
isolated FBs that carry opposite Chern numbers in each
spin channel, forming an enantiomorphic pair. In Fig.
3(c) we plot Berry curvatures for the two spin-down FBs
in the first Brillouin zone (BZ), which look like a mirror
image of each other having negative and positive values
in the upper and lower FBs respectively. The spin-up
FB Berry curvatures are just the opposite of Fig. 3(c).
Integration of Berry curvatures over the BZ gives the
opposite Chern numbers for the two FBs.
The two enantiomorphic topological FBs of opposite
Chern numbers are optically active. Most interestingly,
photoexcitation occurs over the whole band, giving rise to
a quantized Hall conductivity that equals to Chern num-
ber. Also, photoexcitation is spin selective with the left-
(σ−) and right-handed (σ+) CPL to excite the spin-up
and -down channel, creating a spin-up and -down elec-
trons in the CB and spin-down and -up holes in the VB,
respectively. In Fig. 3(d), we show the calculated inter-
FB photo-absorption spectrum of the σ+ CPL for the
spin-down channel, which shows a strong delta-function-
like peak at the gap energy. The same result is obtained
for the σ− CPL for the spin-up channel. Consequently,
the CPL photoexcitation breaks instantaneously the TRS
of a special QSH ground state featured with enantiomor-
phic FBs, leading to a non-equilibrium EQHE.
It is interesting to compare the EQHE with the VHE
[13–17], as both are photoexcited non-equilibrium Hall
effects based on the similar selection rule, to be observed
under illumination [31]. The key difference is that the
4FIG. 3. Topological properties of the Yin-Yang Kagome band.
(a) The band structures and Chern numbers with SOC (λ =
0.0375t1). (b) The quantized spin Hall conductivity (σ
s
xy)
within the energy window of the SOC gaps. (c) Plots of Berry
curvatures (Ωz) in the first BZ for the two FBs in (a), which
are the mirror image of each other due to the opposite Chern
number. (d) The inter-FB photo-absorption spectrum of the
right-handed CPL (σ+) for the spin-down channel. The same
is true for the left-handed CPL (σ−) for the spin-up channel.
former arises from enantiomorphic FBs over the whole
BZ leading to a quantized Hall conductivity (see Eq.
S1), while the latter from enantiomorphic valleys at spe-
cific k-points leading to a single valley non-quantized Hall
conductivity (see Eq. S3). Note that the Berry curva-
ture of FBs shown in Fig. 3(c) has a rather uniform
ring-type distribution, which corresponds to the local-
ized real-space distribution of wave function shown in
Fig. 2(c) and 2(d). In contrast, the Berry curvature is
localized at special k-point of valleys in the VHE, corre-
sponding to extended Bloch wave functions in real-space.
Consequently, the EQHE has a much stronger intensity,
because photo-absorption occurs over the whole band
(whole BZ), without the need to break inversion sym-
metry to create a valley imbalance as for VHE.
The EQHE not only extends Hall physics to excited
state with quantized photo-absorption but also offers new
applications, such as for making high fidelity topological
photodetector and sensor via robust edge photocurrent.
Also, the direction of photocurrent can be easily reversed
by the handedness of CPL, instead of changing magne-
tization direction for QAHE, offering a simple switching
mechanism for quantum devices. Beyond the EQHE, the
enantiomorphic FBs have far-reaching implications from
both the fundamental and practical points of view. All
FIG. 4. (a,b) An AA stacking bilayer Kagome lattice (left)
exhibiting Ying-Yang Kagome band (right), calculated with
t2 = 0.1t1 and t3 = 0.3t1. The band gap between the two
FBs Eg = |2t1 − 4t3| and the bandwidth W1 = 6|t2 − t3|
and W2 = 6|t2 + t3|. (c,d) An sp
2 hexagonal lattice (left,
the shaded area indicates the unit cell) exhibiting Yin-Yang
Kagome bands (right), calculated with spσ = −0.8ssσ, ppσ =
−0.4ssσ, pppi = 0. The band gap between the two FBs Eg =
3ppσ and the bandwidth W = 3|ssσ − ppσ/2|. The inset
shows the first BZ.
the well-known physical effects associated with a single
FB, such as ferromagnetism [18, 32–35], Wigner crys-
tallization [36, 37], superconductivity [38, 39], and frac-
tional QHE [19, 40], will also manifest in the two enan-
tiomorphic FBs but with some new twists. Potential ap-
plications arising from topological photoactivity includes
circular dichroism, lasing, flat-band excitons, and opto-
electronic devices. We believe there are much more to be
revealed from the Yin-Yang Kagome lattice. This makes
the feasibility of its realization in real materials a high
order. At last, we will discuss two candidate materials
systems to illustrate this possibility.
The first system is a bilayer Kagome lattice which
naturally hosts two sub-Kagome lattices, exhibiting a
Yin-Yang Kagome band, as shown in Fig. 4. As il-
lustrated by the indicated hopping patterns, its con-
struction provides an interesting view to understanding
the physical origin of Yin-Yang Kagome lattice. By
choosing t3 > t2, one can imagine there are two sub-
Kagome lattices formed by cross hopping between the
two layers with the top-left (or bottom-left) triangles
hopping to the bottom-right (or top-right) triangles, re-
spectively. So, t1 and t3 represent equivalently the intra-
and crossing-dumbbell hopping, respectively, shown as
the colored dash lines in Fig. 4(a). It is important to note
5that bilayer Kagome lattices have been already made ex-
perimentally in pi-conjugated nickel-bis(dithiolene) [41].
Density functional theory (DFT) calculations of bilayer
nickel-bis(dithiolene) is shown in Fig. S2, whose band
structure indeed contains two enantiomorphic FBs. This
indicates the hopping condition of t3 > t2 is satisfied in
this lattice (see detailed discussion in Supplemental Ma-
terial). The second system is the sp2 basis on a hexagonal
lattice, which also gives rise to Yin-Yang Kagome bands,
as shown in Fig. 4(d). It can be realized in molecular lat-
tices, such as the ones made of triangular graphene flakes.
DFT calculations of the patterned graphene-flake super-
lattice are shown in Fig. S3. With the increasing size of
graphene flake (structural motif), the carbon pz orbitals
hybridize into molecular sp2 orbitals on the hexagonal
lattice, creating the Yin-Yang FBs [Fig. S3(c,f)]. The
details of DFT calculations are presented in the Supple-
mental Material [42]. Furthermore, it is worth mention-
ing that the Yin-Yang Kagome lattice should be exper-
imentally makeable in artificial systems, such as cold-
atom lattice [43, 44], photonic crystal [45], optical lattice
[46, 47], phononic lattice [48] and topolectrical circuit
[49], which opens a number of new topics of study in
these fields.
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